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Type I interferons (IFNs) are central to antiviral de-
fense, but how they orchestrate immune cell function
is incompletely understood. We determined that
IFNs produced during murine cytomegalovirus
(MCMV) infection differentially affect dendritic cells
(DCs) and natural killer (NK) cells. IFNs induce cell-
intrinsic responses in DCs, activating antiprolife-
rative, antiviral, and lymphocyte-activating gene
networks, consistent with high activity of the tran-
scription factor STAT1 in these cells. By comparison,
NK cells exhibit lower STAT1 expression and
reduced IFN responsiveness. Rather, IFNs indirectly
affect NK cells by inducing IL-15, which activates
the transcription factor E2F and stimulates genes
promoting cell expansion. IFN cell-intrinsic re-
sponses are necessary in DCs, but not NK cells, for
MCMV resistance. Thus, sensitivity to IFN-induced
cytokines and differences in IFN receptor signaling
program immune cells to mount distinct responses
that promote viral control.
INTRODUCTION
Dendritic cells (DCs) are leukocytes specialized in the process-
ing of peptide antigens and their presentation in association
with major histocompatibility complex (MHC) molecules for the
activation of naive T lymphocytes. DCs are crucial for adaptive
immunity against cancer and infectious agents. DCs and natural
killer (NK) cells also contribute to innate immune responses
early after infections. Their crosstalk promotes activation or
maintenance of both partners and shaping of adaptive immunity.Cell HostThe instructive signals involved in the regulation of DC or NK cell
functions during viral infections in vivo are not completely
deciphered.
Mouse cytomegalovirus (MCMV) infection recapitulates key
physiopathological characteristics of human cytomegalovirus
infection (Krmpotic et al., 2003). It is one of the rare mouse
models which allows studying the interactions between a virus
and its natural host. It led to outstanding advances in the
understanding of immunity to viral infections (Loewendorf and
Benedict, 2010; Vidal et al., 2011). The cytokines type I inter-
ferons (type I IFNs) and IL-12 are critical for resistance to
MCMV infection. Type I IFNs are produced initially, around 8 hr
after infection, by infected stromal cells in the spleen, and later,
around day 1.5, by a particular subset of DCs, plasmacytoid DCs
(pDCs). Both cell types contribute to control viral replication.
Another subset of DCs, CD8a+ conventional DCs (cDCs),
promotes optimal priming of antiviral CD8 T lymphocytes. Both
pDCs and CD8a+ cDCs produce IL-12 around 1.5 days after
MCMV infection. A third subset of DCs, CD11b+ cDCs, can
contribute with pDCs and CD8a+ cDCs to NK cell activation.
NK cells can be critical for virus control by recognizing and killing
infected cells, upon engagement of NK cell-activating receptors
by altered-self or viral ligands expressed by infected cells.
Several such receptor/ligand pairs have been identified in
C57BL/6 mice and other resistant mouse strains (Pyzik et al.,
2011). MCMV has evolved a battery of effector molecules
dedicated to the inhibition of NK cell functions, leading to a
lack of control by NK cells in susceptible mouse strains and
attesting to the pressure exerted by this arm of the immune
system during the coevolution between the virus and its host
(Babic et al., 2011).
During MCMV infection, IL-12 promotes NK cell IFN-g pro-
duction, which contributes to viral control (Nguyen et al., 2002).
Type I IFNs mediate direct antiviral effects against many viruses
as well as a variety of immunoregulatory functions (Biron, 2001),
including the induction of IL-15 and of DC maturation during& Microbe 12, 571–584, October 18, 2012 ª2012 Elsevier Inc. 571
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Figure 1. Spleen DC Subsets Undergo a Profound Common Genetic Reprogramming during MCMV Infection
(A–G) Genome-wide expression analysis was performed on quiescent (q) versus activated (a) immune cells isolated from the spleen of untreated versus
d1.5 MCMV-infected C57BL/6 mice.
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Shaping of Innate Antiviral Response by Type I IFNMCMV infection. Type I IFNs promote NK cell entry into cell
cycle, proliferation, survival, and cytotoxicity (Nguyen et al.,
2002). Some of these effects may be indirect, mediated by
IL-15, although this is disputed (Nguyen et al., 2002; Sun et al.,
2009). In other conditions, contrasting results have been pub-
lished. Direct triggering of the type I IFN receptor (IFNAR) on
NK cells promoted immune defense against vaccinia virus infec-
tion (Martinez et al., 2008). In response to Toll-like receptor (TLR)
ligand administration, NK cell activation by type I IFNs occurred
indirectly, through the induction of IL-15 trans-presentation by
DCs (Lucas et al., 2007). More generally, depending on the cell
types examined, type I IFN can either promote or inhibit cell
proliferation and survival (Biron, 2001). Such opposite effects
might be achieved through cell type- or activation-dependent
regulation of the expression of individual signaling components
downstream of IFNAR (Miyagi et al., 2007).
Here, we combined the use of functional genomics, of flow
cytometry analysis of transduction molecule phosphorylation,
and of mutant mice to investigate how MCMV infection modu-
lates the gene expression program and the antiviral activity of
DC subsets and NK cells, in particular the role of type I IFN.
RESULTS
Hundreds of Genes Are Modulated Specifically in DCs
versus NK Cells during MCMV Infection
To assess the general impact of MCMV infection on splenic DC
subsets and NK cells early after virus inoculation, we profiled
their gene expression programs directly ex vivo after isolation
from control animals (q_cell: quiescent cell) or infected mice
(a_cell: activated cell). Two independent microarray replicates
were generated for each condition. Principal component anal-
ysis (PCA) showed a close proximity of replicates (Figure 1A).
Principal component (PC)1 corresponding to ‘‘DC-ness versus
NK cell-ness’’ represented 34% of the overall variability between
microarrays. PC3, corresponding to ‘‘DC subset-ness,’’ and
PC2, contributing to ‘‘activation versus quiescence,’’ accounted
for a similar fraction of microarray variability, 16% and 18%,
respectively. Hence, belonging to a given subset and the acti-
vation status contributed equally to the shaping of the gene
expression programs of DC subsets. On PC2 axis, the distance
between a_DC and q_DC subsets was much longer than(A) Principal component analysis.
(B and C) Venn diagrams represent the number of ProbeSets upregulated (B) or do
as compared to untreated animals. Heat maps represent selected functions and
genes depicted in Venn diagrams. The color scale indicates the significance of t
(D and E) Expression profiles of proproliferative (D) or antiproliferative (E) gene
expression across cell types (y axis). Data are shown as mean ± SD for indepen
(F and G) Gene set enrichment analyses (GSEA) of the genes coregulated withCcn
for selected pairwise comparison between cell types. Graphical output is a bar co
the orange-to-green gradient representing all the ProbeSets from the gene chip r
The more the GeneSet is differentially expressed between populations, the more
The normalized enrichment score (NES) represents the number and differential ex
enriched in the cell subset on the left (orange) and negative if it is enriched in the c
represents the likelihood that the enrichment of the GeneSet represents a false
randomGeneSets used as controls). The absolute NES values vary between1 an
an associated q value < 0.25. The information for each bar code can be summ
significant, in a color matching that of the cell subset in which the GeneSet was
GeneSet in cDCs and NK cells during MCMV infection. NI = not infected. See al
Cell Hostbetween a_NK and q_NK cells. In addition, a_cDC subsets
were closer to one another than to their quiescent counterparts.
This suggested that common and profound changes affected
specifically the gene expression reprogramming of DC subsets
but not NK cells duringMCMV infection. To assess this, we iden-
tified the differentially expressed genes (DEG) modulated in DC
subsets or NK cells upon MCMV infection, based on statistical
significance and on a fold change above 2. Venn diagrams
showed that 565 ProbeSets (representing 423 genes) were
induced, and 267 ProbeSets (231 genes) were inhibited,
commonly in all three DC subsets, out of which only 121 and
46 ProbeSets were modulated similarly in NK cells (Figures 1B
and 1C). Reciprocally, 957 ProbeSets were induced and 775
ProbeSets inhibited specifically in NK cells. Hence, hundreds
of genes are modulated specifically either in all DC subsets or
in NK cells during MCMV infection.
Opposite Regulation of Genes Controlling Cell Cycle
Entry in cDCs and NK Cells during MCMV Infection
To gain insights into the functions of DC subsets and NK cells
during MCMV infection and their regulation, we examined the
annotations of the genes modulated in (1) all DC subsets and
NK cells, (2) in all DC subsets but not in NK cells, (3) only in
cDC subsets, (4) only in pDC, or (5) only in NK cells using Inge-
nuity Pathway Analysis (IPA). The most significant pathways
associated with the genes upregulated in NK cells only were
linked to the induction of cell proliferation (Figure 1B). The set
of genes downregulated in DCs and NK cells were also enriched
for annotations linked to cell proliferation or to cell death (Fig-
ure 1C). Analysis of individual gene expression profiles sug-
gested the upregulation of genes associated with mitosis in NK
cells contrasting with their downregulation in cDCs (Figure 1D,
Ccnb2 and Ccna2). In contrast, the Slfn1 and Cdkn2b genes
involved in cell-cycle entry inhibition were induced specifically
in cDCs (Figure 1E). Using the COXPRESdb website, we
retrieved the 300 genes most significantly coexpressed with
Ccnb2, Slfn1, or Cdkn2b based on global mining of the Gene
Expression Omnibus (GEO) database. We analyzed the enrich-
ment of these three GeneSets in pairwise comparisons of cell
subsets, by performing Gene Set Enrichment Analysis (GSEA)
(Figures 1F and 1G and see Table S1 available online). Examples
of individual enrichment plots are shown (Figure 1F). Thewnregulated (C) >2-fold in cDCs, pDCs, or NK cells fromMCMV-infected mice
pathways found enriched by Ingenuity Pathway Analysis (IPA) for the sets of
he enrichment.
s. Data are represented as relative expression levels normalized to maximal
dent duplicates.
b2, Slfn1, or Cdkn2b according to COXPRESdb. (F) Examples of GSEA results
de. Each bar corresponds to the projection of one ProbeSet of the GeneSets on
anked from high expression in population A to high expression in population B.
the bar code is shifted to one extremity. This is measured by two parameters.
pression intensity of the genes enriched. The NES is positive if the GeneSet is
ell subset on the right (green). The false discovery rate (FDR) statistical value (q)
-positive finding (e.g., if q = 0.25, a similar enrichment is found in 25% of the
d5. The enrichment is considered significant for absolute NES values > 1with
arized as a dot, bigger and darker as the enrichment was stronger and more
enriched. (G) Comprehensive GSEAs show opposite regulation of the Ccnb2
so Table S1.
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Figure 2. Bioinformatics Analysis Unravels Contrasting Roles of Innate Cytokines for the Genetic Reprogramming of DC Subsets
and NK Cells during MCMV Infection
(A) Scheme of the type I IFN signaling pathway extracted from IPA. Genes induced > 2-fold in all DC subsets but not in NK cells are in red.
(B and C) Expression profiles (mean ± SD) of the type I IFN receptor chain genes (B) and of the IPA type I IFN signaling pathway genes (C).
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Shaping of Innate Antiviral Response by Type I IFNinformation of many enrichment plots was synthesized as a
‘‘dot blot,’’ to allow visualizing the most important changes at
a glance (Figure 1G). This representation showed opposite
regulation of the Ccnb2 GeneSet between cDCs and NK cells
during MCMV infection. It was induced in a_NK cells, but in-
hibited in a_CD8a and a_CD11b DCs. While q_cDC expressed
the Ccnb2 GeneSet at much higher levels than q_NK cells, the
situation was reversed in a_cells. The Ccnb2 GeneSet was
strongly associated with mitosis (130 genes annotated ‘‘cell
cycle,’’ p = 1.3 3 10113, including 88 genes annotated ‘‘M
phase,’’ p = 1.83 1088). Hence, spleen cDCs express a mitotic
signature at steady state, reflecting their own proliferation in
the spleen or their fast in situ renewal from actively proliferating
pre-cDCs (Naik et al., 2006). In contrast, spleen NK cells appear
to be largely resting. DuringMCMV infection this picture appears
completely reversed based on our gene expression analysis,
which is consistent with the induction of NK cell proliferation
contrasting with the attrition of cDC numbers observed in this
model (Loewendorf and Benedict, 2010; Vidal et al., 2011).
Hence, MCMV infection induced an opposite regulation of genes
controlling cell proliferation in cDCs and NK cells.
MCMV Infection Selectively Induces Type I
IFN-Stimulated Genes in DCs and IL-15-Stimulated
Genes in NK Cells
The most significant pathways associated with the genes upre-
gulated in all cells or in DC subsets but not NK cells included
DC maturation and the induction of antiviral defense by type I
IFN (Figure 1B). Analysis of the ‘‘interferon signaling’’ pathway
pointed out a higher expression of Stat2 mRNA in DCs as
compared to NK cells (Figure 2A). In contrast, the genes encod-
ing the two IFNAR chains were not expressed to higher levels
in cDC than in NK cells (Figure 2B). When examining expression
of the individual nine genes of the IPA ‘‘interferon signaling’’
pathway, DCs did express much higher levels of Stat2 than
NK cells. This was also the case for Stat1 and the other type I
IFN-stimulated genes (ISG) examined (Figure 2C). Hence, these
analyses suggested that DCs responded more strongly to type I
IFN than NK cells in vivo during MCMV infection. To further
decipher the signals driving changes in DC subset versus NK
cell gene expression programs during MCMV infection, we per-
formed GSEA analysis using large GeneSets corresponding
to the known target genes of type I IFN, IL-15, and IL-12/IL-18
(Figure 2D and Table S2). The ISG GeneSet, which includes
1,452 different ProbeSets, was significantly enriched in all
a_DC subsets, as compared to their quiescent counterparts
and to a_NK cells (Figure 2D). In contrast, the genes stimulated
by IL-15 (IL15SG GeneSet), type I IFN or IL-15 (ISG-IL15SG),
or IL-12/18 (IL-12/18SG) were significantly enriched in a_NK
cells. Reciprocally, the genes inhibited by IL-15 were signifi-
cantly repressed in a_NK cells. These results were confirmed(D) GSEA of cytokine responding genes in DC subsets and NK cells. GeneSets cor
IL-18 were defined based on public microarray data sets. Pairwise comparisons w
cell subsets from d1.5 MCMV-infected mice versus their quiescent counterparts
a_DC subsets compared to one another.
(E) Gene expression levels in highly purified cDCs and NK cells from uninfected o
relative expression levels normalized to maximal expression across all cell types (
Table S2 and Figure S1.
Cell Hostby real-time quantitative RT-PCR for 76 genes representative
of different GeneSets (Figure 2E). Hence, DC subsets harbored
stronger responses to type I IFN and NK cells stronger
responses to IL-15 during MCMV infection. A significant enrich-
ment of the ISG GeneSet in a_CD8a DCs as compared to a_NK
cells was also observed upon in vivo injection of polyinosinic:
polycytidylic acid (polyIC), another stimulation leading to high
systemic type I IFN production, but in the absence of replicative
agent (see Figure S1A available online). Upon both MCMV infec-
tion and polyIC injection, many ISGs were induced to higher
levels in CD8a cDCs than in NK cells (Figure S1B). The ISGs
induced in DCs were associated with antiviral defense or cross-
talk between DCs and NK cells while the IL15SG induced in NK
cells were associated with mitosis (Figure 3). Altogether, these
data led us to hypothesize that type I IFNs profoundly shaped
antiviral DC responses in vivo, such that cell-intrinsic type I IFN
responses of DCs might be required to promote health over
disease in mice infected with MCMV. In contrast, NK cell
responses to MCMV infection were predicted to depend essen-
tially on IL-15 such that cell-intrinsic type I IFN responses of NK
cells might not be required to induce their proliferation and cyto-
toxicity and to prevent disease.
Cell-Intrinsic Responses to Type I IFN Shape
the Genetic Reprogramming of DCs More Strongly
Than that of NK Cells
Type I IFNs can directly regulate ISG in target cells through cell-
autonomous IFNAR signaling. Primary ISGs include several
cytokines and cell surface receptors, which can in turn modulate
the response of neighboring cells. This causes a second, indi-
rect, wave of ISG induction. Thus, to better understand how
type I IFNs shape antiviral immune responses, we examined
cell-autonomous type I IFN effects on DC and NK cell responses
to MCMV infection. We generated mixed bone marrow chimera
(BMC) mice, by reconstituting lethally irradiated CD45.1 WT
recipient animals with a 1:1 mixture of CD45.1 WT and CD45.2
IFNAR/ bone marrow (BM). WT versus IFNAR/ cDCs and
NK cells were purified from the spleen of control or infected
BMC mice, and the mRNA expression levels of the 76 genes
analyzed in Figure 2E were measured by qRT-PCR. For the
genesmodulated (up- or downregulated) duringMCMV infection
in WT DCs or NK cells, we calculated the expression ratio
between WT and IFNAR/ cells from infected mice. Among
the genes tested, 85% were direct targets of type I IFN in DC
(Figure 4A) versus 46% in NK cells (Figure 4B). To explore
more broadly cell-intrinsic type I IFN responses during MCMV
infection, we performed genome-wide expression profiling of
WT versus IFNAR/ cDC subsets and NK cells from untreated
versus infected IFNAR//WT BMC mice. A higher propor-
tion of the DEGs were modulated by cell-intrinsic type I IFN
signaling in DC subsets as compared to NK cells (54% ofresponding to the genes stimulated or inhibited by type I IFN, IL-15, or IL-12 and
ere performed to assess enrichment of these GeneSets between (1) activated
from untreated control animals, (2) a_DC subsets versus a_NK cells, and (3)
r MCMV-infected animals as measured by qRT-PCR. Data are represented as
x axis). Results shown are from one experiment representative of two. See also
& Microbe 12, 571–584, October 18, 2012 ª2012 Elsevier Inc. 575
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Figure 3. Bioinformatics Analysis of Cytokine- and Target Cell-
Dependent Effects of MCMV Infection on Biological Processes
Heat map representing selected functions and pathways found enriched in IPA
performed on cytokine responding genes regulated in DC subsets or in NK
cells during MCMV infection. See also Figure S2 and Table S3.
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Shaping of Innate Antiviral Response by Type I IFNtype I IFN-dependent DEG in CD8a DCs, 47% in CD11b DCs,
and 23% in NK cells, Figures 5A–5C). Sixty-five genes were
found upregulated commonly in NK cells and DC subsets.
Among these genes, 31 were dependent on cell-intrinsic type I
IFN responses in both DCs and NK cells, but they almost all
reached higher expression levels in a_DC (Figure 5D). In addition,
57 genes were induced specifically in DC subsets but not in NK
cells in amanner depending on cell-intrinsic type I IFN responses576 Cell Host & Microbe 12, 571–584, October 18, 2012 ª2012 Elsev(Figure 5E). Many of these genes were also induced much more
strongly in CD8a cDCs than in NK cells in vivo upon polyIC injec-
tion (Slfn1, Tor1aip2, Frmd4a, B430306N03Rik, and Il15 in Fig-
ure S1B and data not shown). Thus, type I IFNs strongly and
directly shape the genetic reprogramming of DCs upon MCMV
infection, whereas type I IFN cell-intrinsic effects are weaker or
different in NK cells.
Type I IFN Responses during MCMV Infection Are Not
Associated with a Major Induction of DC Apoptosis
The most significant annotations for the IL15SGs and, to a minor
extent, the ISGs induced specifically in NK cells were linked to
cell cycle, while some of the ISGs induced in DCs were associ-
ated with apoptosis (Figure 3). This suggested that, in MCMV-in-
fected animals, type I IFNs might promote NK cell entry into cell
cycle (Nguyen et al., 2002) and drive DC apoptosis. However,
GSEA analysis showed a modest but significant enrichment
not only of proapoptotic but also of antiapoptotic GeneSets in
a_cDC as compared to their quiescent counterparts and to
a_NK cells (Figure S2A). This was confirmed by examining indi-
vidual gene expression patterns (Figures S2B and S2C). Hence,
it was impossible to hypothesize what the final impact of the
infection is on cDC apoptosis. Therefore, we quantified by flow
cytometry the proportion of apoptotic cells within spleen DC
subsets and NK cells from infected mice (Figure S2D). The
proportion of apoptotic cells, showing both caspase activity
(FAM fluorescence) and plasma membrane permeability (7AAD
signal), remained low during the course of infection and was
not higher in DC subsets than in NK cells. Of note, cDCs showed
a higher proportion of caspase+7AAD, nonapoptotic cells as
compared to pDCs and NK cells, consistent with a higher
expression of caspase mRNA in cDCs both constitutively and
after infection, especially for caspase 1 and 7 (not shown), which
may confer to cDCs proinflammatory functions rather than
a heightened susceptibility to apoptosis. Thus, in our experi-
mental conditions, the strong type I IFN responses induced in
DCs during MCMV infection did not lead to a massive apoptosis
of these cells.
Cell-Intrinsic Responses to Type I IFN Promote DC
Maturation and Shut Off Replenishment of the Splenic
Pool of Immature DC from Progenitors
Flow cytometry analyses confirmed that cell-intrinsic type I IFN
responses induced Ly6A and Ly6C on both DCs and NK cells
(Figure 4C) and CCR7, CD86, and OX40 on DCs (Figure 4D). A
kinetic analysis of the percentages of cDC subsets within WT
versus IFNAR/ splenocytes in BMC mice during the course
of MCMV infection showed a sharp and sustained decrease in
WT cDCs that was strongly attenuated for IFNAR/ cDCs (Fig-
ure S3A). No significant differences in the proportions of pDCs or
NK cells were observed betweenWT and IFNAR/ splenocytes.
MCMV infection caused a sharp decrease in the numbers of cDC
progenitors in the spleens of WT mice, sustained for at least
5 days and closely paralleling the drop in the numbers of cDCs
(Figure S3B). The splenic pool of CD27+CD11b NK cell progen-
itors and of mature NK cells decreased only early and transiently,
starting to replenish 2 days after infection. During MCMV infec-
tion, type I IFN directly inhibited in DCs, but enhanced in NK
cells, the expression of genes promoting cell-cycle progressionier Inc.
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Figure 4. Cell-Intrinsic Responses to Type I IFN Strongly Shape DC but Not NK Cell Genetic Reprogramming during MCMV Infection
(A and B) IFNAR//WT/ WT mixed BMC mice were infected or not for 1.5 days with 5 3 104 pfu MCMV. WT versus IFNAR/ DC (A) as well as WT versus
IFNAR/ NK cells (B) were sorted, and transcript expressions were analyzed by qRT-PCR. Data represent mRNA expression ratio (WT cells/IFNAR/ cells).
Data are shown only for the genes found modulated at least 2-fold in DCs (A) or NK cells (B) from infected animals as compared to control mice. Green bars
represent genes with a WT/IFNAR/ fold change > 2. Bold genes represent genes modulated in both DCs and NK cells.
(C–E) Splenocytes from d1.5MCMV-infectedmixed BMCmice were stained with the indicated antibodies and analyzed by flow cytometry. Proteins expressed in
both DCs and NK cells are represented in (C), proteins expressed only in DCs in (D), and only in NK cells in (E). Results are shown as mean fluorescence intensity
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group. See also Figure S3.
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Shaping of Innate Antiviral Response by Type I IFN(Figures 4A and 4B,Mcm3 and Rad51). Hence, it is possible that
the decrease in the expression of cell-cycle genes observed in
splenic DC from infected mice reflects a temporary shut-off of
their replenishment from circulating and actively cycling precur-Cell Hostsors freshly emigrated from the BM, which might be the main
mechanism driving DC attrition during MCMV infection rather
thanDCapoptosis. Thus, DC responses toMCMVare character-
ized by the inhibition of proliferation and the induction of& Microbe 12, 571–584, October 18, 2012 ª2012 Elsevier Inc. 577
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Figure 5. Genome-wide Analysis of Cell-Intrinsic Responses to Type I IFN in DC Subsets and NK Cells from d1.5 MCMV-Infected
IFNAR–/–/WT BMC Mice
(A–E) IFNAR//WT/WT BMC mice were infected or not with MCMV. Thirty-six hours after, splenocytes were isolated; WT versus IFNAR/ NK cells, CD8a
DCs, and CD11b DCs were purified by flow cytometry sorting; and total RNA was extracted for analysis on gene chips.
(A) Venn diagram showing the overlaps between the lists of genes induced in WT cDC subsets or in NK cells from infected BMCmice as compared to uninfected
animals.
(B) Venn diagram showing the overlaps between the lists of genes induced in a cell-intrinsic IFNAR-dependent manner in cDC subsets or in NK cells.
(C) Absolute numbers of genes induced in cDC subsets or in NK cells in an IFNAR-dependent or independent manner.
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Shaping of Innate Antiviral Response by Type I IFNmaturation, both of which strongly depend on cell-intrinsic type I
IFN effects.
Cell-Intrinsic Responses to Type I IFN Are Not Required
for NK Cell Proliferation and Acquisition of Effector
Functions
Induction of IFN-g, Ki67, FasL, and 4-1BB protein expression
was comparable between IFNAR/ and WT NK cells in d1.5
MCMV-infected BMC mice (Figure 4E). While Granzyme B
expression was significantly lower in IFNAR/ than in WT
a_NK cells from infected mice (Figure 4E), it was still strongly
induced above the levels observed in uninfected animals (not
shown). During the course of MCMV infection in BMC mice,
the percentages of Ki67+ NK cells increased in tight parallel in
WT and IFNAR/ splenocytes. IFNAR/ Ly49H+ NK cells
expanded as efficiently as WT ones (Figure S3A). Thus, NK cell
responses to MCMV infection are characterized by the induction
of cell proliferation, IFN-g production, and cytotoxic activity,
which do not require cell-intrinsic type I IFN effects.
Enrichment for Different Transcription Factor Binding
Sites between ISG and ISG-IL15SG
We investigated whether the genetic reprogramming of DCs
and NK cells after MCMV infection was driven by distinct tran-
scription factors. We checked in silico the enrichment for
known transcription factor binding sites (TFBS) in the promoter
sequences of coregulated genes. We extracted from each cyto-
kine GeneSet the lists of genes that were found upregulated
by GSEA analyses in either a_DC or a_NK cells as compared
to q_DC or q_NK cells. We retrieved 209 ISGs upregulated in
all a_DC subsets. We also retrieved 108 ISG-IL15SG, 453
IL15SG, and 412 IL-12/IL-18SG upregulated in a_NK cells. We
used PASTAA (Roider et al., 2009) to look for significantly over-
represented TFBS in these genes (Table S3). As expected, the
ISG upregulated in all a_DC subsets showed a significant enrich-
ment for IRF7, IRF, and ISRE TFBS. In the IL-12-IL-18SG upregu-
lated in NK cells, no significant TFBS enrichment was observed.
The IL15SGs upregulated in NK cells were enriched for E2F and
PAX1/2 TFBS. Strikingly, the ISG-IL15SGs upregulated in NK
cells were also enriched for PAX1/2 and E2F TFBS, but not for
IRF7 TFBS and ISRE. We also used a de novo motif discovery
approach (MEME) to look for overrepresented oligonucleotides
in the regulatory sequences ([10000; +100 nt] relative to TSS)
of the groups of coregulated genes examined. The motifs identi-
fied by this approach were then compared to the matrices of
known TFBS, which confirmed the enrichments for IRF7 TFBS
and ISRE in the ISGs upregulated in DCs, and for E2F TFBS in
the IL15SGs upregulated in NK cells (data not shown). Thus,
the ISGs induced in DC must be transcribed consecutive to
type I IFN-dependent activation of IRF7 or ISGF3 in DCs and
their binding to specific regulatory gene sequences. In contrast,
many ISGs specifically induced in NK cells are also IL-15 target(D) Expression profiles of the genes induced in all three cell subsets in an IFNAR
similar patterns of expression using the complete hierarchical clustering function
higher expression in yellow. To allow better cross-comparisons of the expression
the data for each series were normalized for each gene to a mean equal to 0 and
(E) Expression profiles of the genes induced specifically in cDCs in an IFNAR-de
Cell Hostgenes and are enriched for the same TFBS as IL15SGs and not
as ISGs. These analyses confirmed that most of the ISGs
induced in DCs during MCMV infection are direct type I IFN
targets, while the ISGs upregulated specifically in NK cells are
in majority not direct type I IFN targets, but are induced in
response to the IL-15 produced by other cells in a type I IFN-
dependent manner. Indeed, analyses in IFNAR//WT BM
chimera confirmed that, in contrast to the induction of ISG,
the induction of most of the ISG-IL15SGs in NK cells during
MCMV infection did not require cell-intrinsic IFNAR signaling
(Figure 5 and Figure S4).
Higher Expression and Phosphorylation of STAT1
in DCs Likely Contribute to Their Stronger Responses
to Type I IFN
The higher response to type I IFN of DCs as compared to
NK cells was associated with higher levels of Stat1 and Stat2
mRNA, both under steady-state conditions and after upregula-
tion upon MCMV infection (Figure 2C). To confirm and extend
this observation, we compared STAT1 protein expression and
phosphorylation in WT versus IFNAR/ DCs and NK cells
from uninfected versus MCMV-infected BMC mice. STAT1
protein was confirmed to be expressed at higher levels in DCs
as compared to NK cells at steady-state conditions and even
more upon MCMV infection (Figure 6A). Moreover, STAT1 phos-
phorylation was induced to higher levels in a_DC than in a_NK
cells, in an IFNAR-dependent manner (Figure 6A). As a control,
we also examined STAT4 phosphorylation, which occurs in
NK cells in response to both IL-12 and type I IFN stimulation
(Miyagi et al., 2007). STAT4 phosphorylation was induced to
high levels specifically in a_NK cells, and this was even higher
in IFNAR/ cells, consistent with a major role of IL-12 for
STAT4 activation in a_NK cells (Nguyen et al., 2002). Thus, higher
expression and phosphorylation of STAT1, and likely STAT2 as
well, contribute to the stronger responses to type I IFN of DCs
as compared to NK cells during MCMV infection.
E2F Is the Major Transcription Factor Downstream
of IL-15 Signaling for the Induction of NK Cell
Proliferation and Accumulation
Our in silico analyses of promoter sequences pinpointed a major
involvement of E2F in NK cell responses to MCMV infection
in vivo and to IL-15 stimulation in vitro. E2F is implicated in
activating cell-cycle genes in T lymphocytes where it can be
recruited upon IL-2 stimulation (Brennan et al., 1997). However,
E2F involvement in NK cell responses to viral infection or to
stimulation by cytokines has not yet been reported. We next
examined E2F expression and phosphorylation in NK cells
during MCMV infection or IL-15 stimulation. The expression of
genes encoding several members of the E2F transcription factor
family was induced specifically in a_NK cells, but remained
unchanged or was even reduced in a_DC (Figure 6B). In vivo,-dependent manner. The heat map was generated by regrouping genes with
of the Cluster software. For each gene, lower expression is shown in blue and
patterns between genes and between two independent series of experiments,
to a variance equal to 1.
pendent manner. See also Figure S4.
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Figure 6. Distinct Transcription Factors Drive the Genetic Reprog-
ramming of DC Subsets versus NK Cells in MCMV-Infected Mice
(A) IFNAR//WT/WTmixed BMCmicewere infected or not with 53 104 pfu
MCMV. Intracellular expression of total STAT1, total STAT4, phospho-STAT1,
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cells (Figure 6C). In vitro, IL-15-stimulated NK cells expressed
high level of E2F1 and phospho-E2F1 upon IL-15 stimulation
as compared to untreated or type I IFN-stimulated NK cells
(Figure 6D). The induction of T lymphocyte proliferation by IL-2
depends on E2F activation by the phosphatidylinositol 3-kinase
(PI3K), in a Stat5- and Raf/MEK-independent manner (Brennan
et al., 1997). Similarly, both the upregulation of E2F1 and its
phosphorylation upon IL-15 stimulation were reduced in NK
cells pretreated with LY294002, a PI3K pharmacological inhi-
bitor (Figure 6D). ChIP-PCR experiments on primary NK cells
stimulated for 24 hr with IL-15 immediately after isolation from
the spleen of untreated WT mice confirmed E2F binding to its
predicted target sites in the regulatory regions of the cell-cycle
genes Mcm2, Mcm3, Mcm7, Dtl, Kif11, Check1, and Cdc25a
(Figure 6E and Table S4). Of note, the MCM2-7 helicase
complex, involved in DNA replication, is selectively required for
the development of mature NK cells in humans by promoting
the proliferation of their immediate precursors (Gineau et al.,
2012). In vivo neutralization of IL-15 responses in WT mice,
through administration of F(ab’)2 anti-CD122 antibody, signifi-
cantly decreased the percentages of GzmB+ and Ki67+ NK cells,
as well as the MFI for these molecules in the positive cells, while
IFN-g induction was not affected (Figure S5). Upon this treat-
ment, a trend toward decreased expression of E2F and pE2F
in NK cells was observed (Figure 6F). Thus, during MCMV
infection, NK cells are instructed to proliferate, accumulate,
and acquire cytotoxicity by an IL-15Rb-to-PI3K-to-E2F signaling
pathway, as a secondary consequence of type I IFN induction
of IL-15 in other cell types.and phospho-STAT4was analyzed by flow cytometry at day 1.5 after infection.
Data are from two independent experiments pooled together (mean ± SEM,
n = 7).
(B) Expression profiles (mean ± SD) of the genes encoding the IL-2 receptor
b chain and the E2F transcription factors.
(C) WT mice were infected or not with 5 3 104 pfu MCMV. Intracellular
expression of total-E2F1 and phospho-E2F1 was analyzed in NK cells by flow
cytometry at day 1.5 after infection. Data are from two independent experi-
ments pooled together (mean ± SEM, n = 7).
(D) Highly purified (>95%) NK cells from WT mice were stimulated overnight
in vitro with recombinant IFN-a (1,000 U/ml), IL-15 (100 ng/ml), and LY294002
(50 mM); stained with antibodies against total E2F1 or phosphorylated E2F1;
and analyzed by flow cytometry. Data are representative of two independent
experiments.
(E) Highly purified (>98%) NK cells from WT mice were stimulated for 24 hr
in vitro with recombinant IL-15 (100 ng/ml) and processed for ChIP using
an anti-E2F1 antibody. The immunoprecipitated chromatin was examined
by qRT-PCR for enrichment of target E2F1 sequences for selected IL15SG.
The results are shown as log2 fold increase of target sequences in immuno-
precipitated chromatin as compared to total input DNA. Data are shown
as mean ± SD for two independent experiments for Mcm2, Mcm7, Dtl,
and Kif11.
(F) Impact of in vivo neutralization of IL-15 responses on the expression of
phospho-E2F and E2F in NK cells from MCMV-infected mice. WT mice
were treated with F(ab’)2 anti-CD122 or control antibody and infected with
MCMV. Spleens were harvested at 1.5 days after infection, and the levels of
phospho-E2F and E2F were measured in NK cells by flow cytometry. Results
are from one experiment representative of two and show MFI fold increase
in NK cells (MCMV-infected animals/uninfected controls). See also Figure S5
and Table S4.
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Figure 7. DC but Not NK Cell Ability to Respond to Type I IFN
Promotes Resistance to MCMV Infection
(A and B) IFNAR//CD11c-DTR/ WT and WT/CD11c-DTR / WT mixed
BMC mice (A) or IFNAR//NKp46-DTR/ WT and WT/NKp46-DTR/ WT
mixed BMC mice (B) were treated or not with 100 ng DT 24 hr before and
24 hr after infection with 104 pfu MCMV. Survival is shown for three inde-
pendent experiments pooled together for (A) and one experiment for (B).
Statistical analysis was performed using the nonparametric Mann-Whitney
test (***p < 0.001). Surviving mice were kept until day 21 postinfection. None
died after day 10. See also Figure S6.
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Critically Promotes Resistance to MCMV Infection
Since DCs respond to type I IFN much more strongly than NK
cells, this may be important for controlling viral infections.
Hence, we investigated the impact on resistance to MCMV
infection of the deficiency to respond to type I IFN selectively
in DCs (Figure 7A). We generated two sets of mixed BMC mice
by reconstituting lethally irradiated CD45.1 WT animals with
a 1:1 mixture of CD45.1 CD11c-DTR and CD45.2 IFNAR/
or WT BM (IFNAR//CD11c-DTR / WT versus WT/CD11c-
DTR / WT mixed BMC mice, respectively). DT treatment in
IFNAR//CD11c-DTR/WT BMC mice induced the depletion
of WT DCs, all derived from the CD11c-DTR BM, leaving only
IFNAR/DCs, while all other hematopoietic cell types remained
constituted of 50% WT cells and 50% IFNAR/ cells (data not
shown). In contrast, in WT/CD11c-DTR / WT BMC mice,Cell Host50% of the DCs were depleted also, but all remaining DCs
were WT (data not shown). Upon MCMV challenge and DT
injection, 50% (10 out of 20) of the IFNAR//CD11c-DTR /
WT BMC mice died 6–8 days after infection (Figure 7A). In
contrast, in the absence of DT injection, only 18% (3 out of 17)
of IFNAR//CD11c-DTR / WT BMC mice died (Figure 7A).
None of the WT/CD11c-DTR / WT mice died. Hence, mice
that were impaired for type I IFN responses specifically in
DCs harbored enhanced mortality to MCMV infection. This
also correlated with enhancedmorbidity in terms of wasting, liver
damage, and viral loads (Figure S6). In contrast, similar ex-
periments performed for NK cells using NKp46-hDTR mice
(Narni-Mancinelli et al., 2011) did not show any impact of loss
of IFNAR responsiveness (Figure 7B and Figure S6). Collectively,
these results show that DC but not NK cell ability to respond to
type I IFN is crucial to promote resistance to MCMV infection.
DISCUSSION
The goal of our study was to examine the extent and specificity
of the genetic reprogramming of DC subsets and NK cells
during a viral infection in vivo, to compare the responses
between these cell types, and to investigate which signals
instruct them. A major aim was to determine whether type I
IFN played an important role in the global shaping of DC and
NK cell responses to MCMV infection, and how.
We showed that all the three spleen-resident DC subsets,
pDC, CD11b+ DC, and CD8a+ DC, underwent profound com-
mon modifications in their gene expression programs, with the
induction or the inhibition of hundreds of genes after infection.
Most of these genes were not modulated to the same extent in
NK cells, which selectively induced or repressed different sets
of hundreds of genes.
The functional annotation of different groups of coregulated
genes in DC subsets isolated fromMCMV-infectedmice showed
induction of gene networks associated with the detection
and control of viruses and with the crosstalk with NK cells or
T lymphocytes, two functions that had been previously reported
to be induced upon DC maturation in vitro in response to virus
stimulation or IFN-b treatment (Borderı´a et al., 2008). DCs did
not undergo a marked apoptosis in the spleen of infected
mice, but showed a profound decrease in the expression of
mitosis genes. A sustained decrease of pre-cDC recruitment
into the spleen was also observed. Hence, the attrition of cDC
numbers occurring early after MCMV infection may result mainly
from a shutdown of pre-cDC recruitment and proliferation into
the spleen. NK cells upregulated gene networks involved in
mitosis. Thus, after MCMV infection, the genetic reprogramming
of DC subsets endowed them with the ability to induce both
innate and adaptive immune responses via the expression of
antiviral sensor and effector molecules, the production of cyto-
kines, and the acquisition of plasma membrane receptors
involved in lymphocyte activation. This occurred at the expense
of the renewal of the splenic pool of immature DCs, which ap-
peared dispensable for antiviral defense. In contrast, the genetic
reprogramming of NK cells reflected their entry into an intense
proliferation phase, which may be required to generate enough
numbers of innate effector cytotoxic lymphocytes to patrol all
tissues for efficient detection and killing of virus-infected cells.& Microbe 12, 571–584, October 18, 2012 ª2012 Elsevier Inc. 581
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instructing the genetic reprogramming of DC subsets and NK
cells during MCMV infection. Many known ISGs were expressed
at much higher levels in DCs than in NK cells and harbored
potential binding sites for the two main transcription factors
involved in type I IFN signaling, IRF7 and ISGF3 (an IRF9/
STAT1/STAT2 complex). DCs expressed higher levels of Irf7
and Stat1/2 mRNA and of total and phosphorylated STAT1
protein than NK cells. Cell-intrinsic responses to type I IFN
strongly modulated the expression of many more genes in DCs
than in NK cells during MCMV infection. In IFNAR//WT /
WT mixed BMC mice, the maturation of IFNAR/ DCs was
severely impaired, while IFNAR/ NK cells were still able to
proliferate, produce IFN-g, and acquire cytotoxic capacity.
Loss of the cell-intrinsic capacity of DCs but not NK cells to
respond to type I IFN led to a significant increase in MCMV
replication, disease, and death in BMC mice. Thus, type I IFN
played an important cell-intrinsic role in instructing the genetic
reprogramming of all spleen DC subsets, but not NK cells, during
MCMV infection.
The relatively weak NK cell response to type I IFN during
MCMV infectionmay seem contradictory with studies describing
an important role for this pathway in response to other virus-type
stimuli (Gerosa et al., 2005; Martinez et al., 2008; Zhu et al.,
2008). However, type I IFN can act on target cells to modulate
their functions either directly or through the production and
effects of other cytokines. IL-15 is induced by type I IFN and
promotes NK cell activation and proliferation in response to
TLR ligands (Lucas et al., 2007). During MCMV infection, the
role of IL-15 in the regulation of NK cell responses is disputed
(Nguyen et al., 2002; Sun et al., 2009). Here we showed that
many genes responsive to IL-15 were induced to high levels
specifically in NK cells during MCMV infection and harbored
binding sites for E2F transcription factors. In T lymphocytes,
E2F1–E2F3 are recruited in a PI3K-dependent manner down-
stream of the IL-2R signaling pathway and induce genes
promoting cell proliferation (Brennan et al., 1997). Similarly, we
demonstrated here that E2F is activated in NK cells by IL-15
in vitro in a PI3K-dependent manner and by MCMV in vivo in
an IL-15-dependent manner. The genes previously reported to
be inducible by both type I IFN and IL-15 were specifically ex-
pressed to higher levels in a_NK cells, were enriched for E2F
but not ISGF3 or IRF7 TFBS, and did not depend on cell-intrinsic
type I IFN responses in NK cells. Thus, these genes must be
IL-15 dependent. They were likely reported to be induced after
type I IFN stimulation due to IL-15 production under the ex-
perimental conditions used. Thus, IL-15 but not type I IFN has
an important cell-intrinsic role in instructing the genetic reprog-
ramming of NK cells during MCMV infection.
In summary, we unraveled that DCs and NK cells are pro-
grammed to respond to type I IFN in a strikingly different manner
during a viral infection in vivo. We identified the underlying
molecular determinism, and we showed that this phenomenon
contributes to the overall orchestration of immune defenses
for host resistance. Specifically, we demonstrated a strong
activation of the type I IFN/ IFNAR/ ISGF3/ ISG signaling
pathway in DCs, contrasting with the engagement of the IL-15/
IL15Rb / PI3K / E2F / IL-15SG signaling pathway in NK
cells. This study demonstrates how contrasting responses of582 Cell Host & Microbe 12, 571–584, October 18, 2012 ª2012 Elsevprimary cell types to type I IFN can emerge as a result of a com-
bination of (1) quantitative differences in the expression levels of
components of the canonical IFNAR signaling module and (2)
qualitative differences in sensitivity to secondary cytokines
induced by type I IFN. This explains how during a viral infection
type I IFN can exert opposite effects on cell proliferation or main-
tenance depending on cell types. Our findings also emphasize
the necessity to set up experimental procedures to discriminate
cell-intrinsic versus indirect responses to type I IFN in order to
understand the complex functions of these cytokines and their
regulation. More than 30 genes specifically induced in DCs in
a cell-intrinsic IFNAR-dependent manner were not yet described
as ISG to the best of our knowledge, emphasizing the need to
examine cell-type-specific responses to type I IFN to better
understand the variety of effects caused by these cytokines
in vivo. It will be interesting to extend these investigations to
analyze the responses to type I IFN of other cell types, as well
as to determine whether and how the genes regulated by type
I IFN specifically in DC subsets modulate their functions.
EXPERIMENTAL PROCEDURES
Mice and In Vivo Treatments
C57BL/6J mice were purchased from Charles River Laboratories and
housed at the Centre d’Immunologie de Marseille Luminy (CIML), Marseille,
France. CD11c-DTR (B6.FVB-Tg(Itgax-DTR/GFP)57Lan/J), NKp46-hDTR
(Ncr1tm1.1(icre)Viv/Gt(ROSA)26Sortm1(HBEGF)Awai) (Narni-Mancinelli et al., 2011),
and IFNAR/ (B6.129S2-Ifnar1tm1Agt) mice, all on a C57BL/6 genetic back-
ground, were bred under specific pathogen-free conditions at the CIML.
Animals were used between 6 and 12 weeks of age. Infections were initiated
at day 0 by i.p. injection of 104 or 5 3 104 pfu salivary gland-extracted
MCMV v70 K181 strain. In vivo stimulation with polyIC was performed by i.p.
injection of 100 mg of a high-molecular-weight form of drug (Invivogen).
Experiments were conducted in accordance with institutional guidelines for
animal care and use. For the generation of BMC mice, C57BL/6J mice were
g-irradiated once with 1,000 rad from a cesium source and reconstituted
with 5 3 106 BM cells. Under the experimental conditions used, pDC and
NK cell numbers were not affected by DTA administration in WT/CD11c-
DTR and IFNAR//CD11c-DTR BMC mice (not shown). IL-15 activity was
neutralized in vivo by blocking the IL-2/IL-15Rb subunit. Anti-IL-2Rb mAb
clone TM-b1 and control antibody (clone LTF-2) were purchased from Bio X
Cell. F(ab)’ was prepared using Pierce F(ab)’2 Micro Preparation Kit (Thermo
Scientific). Mice were injected with 0.5 mg of F(ab)’ at 2 hr before and 18 hr
after MCMV infection.
Spleen Preparation and Flow Cytometry Analysis
Mice were euthanized at indicated times postinfection to collect spleen, liver,
and sera. Spleen leukocyte suspensions were prepared using collagenase
D (Guilliams et al., 2010), stained, and acquired on a FACSCanto II Flow
Cytometer (BD Bioscience).
Cell Sorting and mRNA Preparation
Each cell type studied was sorted to over 98% purity (not shown) by flow
cytometry in independent duplicate or triplicate samples. High-quality RNA
was prepared using commercial kits (QIAGEN) and used for microarray or
real-time qRT-PCR experiments.
GSEA Analyses
Various sets of public expression data were used to identify genes in which
expression was modulated by cytokines under different experimental settings
(Table S2). To statistically test whether GeneSets were enriched in specific
conditions or cell types, we performed pairwise comparisons between cell
types or stimulation conditions using the gene set enrichment analysis
(GSEA) method from the Massachusetts Institute of Technology (http://
www.broad.mit.edu/gsea).ier Inc.
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RNA was reverse transcribed into cDNA and analyzed by real-time PCR using
the RT2 Profiler PCR Array System (SABiosciences). Each array contains
a panel of 96 primers, including 84 selected genes, five housekeeping genes,
and seven RNA and PCRquality controls. Relative gene expression was calcu-
lated with the DDCt method using housekeeping genes for normalization.
TFBS Enrichment Analysis
TFBS enrichment score was assessed with PASTAA (Roider et al., 2009)
against the TRANSFAC database, using the10,000–0 nt relative to promoter
TSS, selecting only conserved mouse/human sequence blocks.
ChIP PCR Experiments
Viable NK cells were purified by flow cytometry in independent sorts, each
using pooled spleens of 25 WT C57BL/6 mice. Each sort yielded an average
of 107 NK cells with over 98% purity. NK cells were then stimulated for 24 hr
with 100 ng/ml IL-15 (Miltenyi), washed, and prepared for ChIP. Chromatin
preparation for ChIP as well as qPCR validation experiments were performed
as described previously (Koch et al., 2011) using ChIP-validated anti-E2F1
antibodies (clones KH20 and KH95, Millipore SAS) and after optimization of
the process to downscale it to 20million cells as obtained by pooling the lysate
of two sorts. This experiment was repeated twice independently. The oligonu-
cleotide primers used for the qPCR analysis of ChIPed and input DNA samples
are described in Table S4.
Titration of Viral Loads and ALT
Viral loads were measured by conventional plaque assay on organ homoge-
nates or by qRT-PCR on mRNA extracted from frozen tissues. Serum mouse
alanine aminotransferase (ALT) levels were measured using a commercial
ELISA kit (Euromedex). The sensitivity of the ELISA kit is 0.76 U/l.
Statistical Analyses
Unless specified, statistical analyses were done using a two-tailed Student’s
t test performed with Prism 5 (GraphPad Software) or Excel. *p < 0.05;
**p < 0.01; ***p < 103.
ACCESSION NUMBERS
Microarray experiments were performed and processed as previously pub-
lished (Crozat et al., 2010) and detailed in Supplemental Experimental Proce-
dures. Data sets have been deposited in the GEO database under reference
numbers GSE21491, GSE39555, and GSE39556.
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